Unwanted evolution of designed DNA sequences limits metabolic and genome engineering efforts. Engineered functions that are burdensome to host cells and slow their replication are rapidly inactivated by mutations, and unplanned mutations with unpredictable effects often accumulate alongside designed changes in large-scale genome editing projects. We developed a directed evolution strategy, Periodic Reselection for Evolutionarily Reliable Variants (PResERV), to discover mutations that prolong the function of a burdensome DNA sequence in an engineered organism. Here, we used PResERV to isolate Escherichia coli cells that replicate ColE1-type plasmids with higher fidelity. We found mutations in DNA polymerase I and in RNase E that reduce plasmid mutation rates by 6-to 30-fold. The PResERV method implicitly selects to maintain the growth rate of host cells, and high plasmid copy numbers and gene expression levels are maintained in some of the evolved E. coli strains, indicating that it is possible to improve the genetic stability of cellular chassis without encountering trade-offs in other desirable performance characteristics. Utilizing these new antimutator E. coli and applying PResERV to other organisms in the future promises to prevent evolutionary failures and unpredictability to provide a more stable genetic foundation for synthetic biology.
INTRODUCTION
Populations of cells engineered to function as factories or biosensors experience a failure mode that is peculiar to living systems: they evolve. Unwanted evolution is a foundational problem for bioengineering that limits the efficiency and predictability of metabolic and genome engineering efforts (1) (2) (3) (4) (5) . Often an engineered function diverts critical resources from cellular replication or otherwise interferes with growth or homeostasis (6, 7) . In these cases, 'broken' cells with mutations that inactivate the engineered function can rapidly outcompete the original design (8) (9) (10) . The rate at which an engineered function decays within a cell population in this manner can be summarized as an evolutionary lifetime or half-life (8) or defined in terms of an evolutionary landscape by the rates at which various mutational failure modes occur and their respective fitness benefits (9, 10) .
It is sometimes possible to edit a genome to eliminate or reduce the rate at which certain types of mutations occur (11) (12) (13) (14) (15) (16) or to devise a way of reducing the burden of an engineered function (2, 17) . However, given the complexity of DNA replication and repair processes and the multifarious ways that an engineered function can burden a host cell, a point is generally reached at which it is difficult to further improve upon the reliability of a cell. Directed evolution is an effective strategy for optimizing the performance of complex systems with many interacting components, even when they include unknown factors. For example, it has been used to engineer novel enzymes that outperform their natural counterparts (18) and to tune artificial gene circuits to effectively perform logic operations (19) .
Given the similarly complex constraints underlying cellular mutagenesis and the fitness burdens of diverse engineered functions, we reasoned that a directed evolution procedure, Periodic Reselection for Evolutionarily Reliable Variants (PResERV) (Figure 1 ), could be an effective strategy for improving the evolutionary reliability of an engineered cell. In PResERV, one artificially selects for mutant cells that exhibit improved maintenance of a burdensome engineered function over tens to hundreds of cell divisions. We expected that PResERV might isolate cells with mutations that either reduced the rate at which failure mutations occurred or the fitness burden of the engineered function, or both, possibly in ways that would generalize to stabilizing other engineered functions in the evolved cells. Here, we describe Escherichia coli strains evolved by PResERV that exhibit lower-than-natural mutation rates for genes encoded on high-copy plasmids, thereby stabilizing them against unwanted evolution. PResERV begins with a population of cells expressing GFP to such a high level that it imposes a significant fitness burden. After mutagenesis, the population is cultured through enough cell doublings that mutants with reduced GFP expression arise and outcompete other cells. Periodically, the population is sorted to retain only those cells that remain as fluorescent as the original strain, enriching for mutant host cells with reduced mutation rates or a lower fitness cost for GFP expression. Once the evolutionary stability of GFP expression increases, fluorescent cells are isolated and their genomes are sequenced to identify and characterize the genetic changes that contribute to this improvement. Regrowth of cells during PResERV implicitly selects for only those mutants that achieve improved genetic stability without introducing any trade-offs that significantly reduce cellular growth rates.
MATERIALS AND METHODS

Culture conditions
Escherichia coli was grown as 10 ml cultures in 50 ml Erlenmeyer flasks with incubation at 37
• C and 120 rpm orbital shaking over a diameter of 1 in. unless otherwise noted. The Miller formulation of Lysogeny Broth (LB) was used (10 g/l tryptone, 5 g/l yeast extract, and 10 g/l NaCl). Media were supplemented with 100 g/ml carbenicillin (Crb), 20 g/ml chloramphenicol (Cam), 50 g/ml kanamycin (Kan), 100 g/ml rifampicin (Rif) and 1 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG), as indicated. Bacterial cultures were frozen at −80
• C after adding glycerol as a cryoprotectant to a final concentration of 13.3% (v/v).
Strains and plasmids
The progenitor strain (BW25113) of the Keio knockout collection (20) was transformed with pSKO4. This plasmid contains the redesigned I7101 (R0010+E0240) circuit, which was edited to remove unstable repeat sequences in a prior study by Sleight et al., on the BioBrick cloning vector pSB1A2 backbone (21) . It is a ColE1 group plasmid with a pBR322 origin of replication. Plasmid pTEM-1.D254tag encodes TEM-1 ␤-lactamase with the codon for an amino acid at a surface-exposed position in the enzyme's structure at which multiple amino acid substitutions are compatible with enzyme function replaced with a TAG stop codon (22) . pTEM-1.D254tag has a pBR322 origin of replication and additionally encodes the rop protein.
UV mutagenesis
BW25113 cells containing pSKO4 were cultured overnight to stationary phase in LB-Crb. Then, these cultures were pelleted by centrifugation and resuspended in an equal volume of sterile saline. Eleven 120 l droplets of these cell suspensions were spotted on petri dishes and subjected to 27 500 J/cm 2 of 254 nm UV radiation in a UVP CL-1000 crosslinker. After UV exposure, 100 l from each droplet was combined and pelleted by centrifugation to collect ∼2.5 × 10 6 surviving cells. These cells were inoculated into 10 ml of LB-Crb and grown to a final density of ∼2 × 10 9 cells/ml. This mutagenized library was archived as a frozen stock.
PResERV directed evolution procedure
All growth steps were conducted in 10 ml of LB-IPTG-Crb. We used 0.1 ml of the mutagenized library to found the experimental population. After overnight growth to saturation, we propagated the population through daily 1:1000 dilutions of saturated cultures into fresh media followed by regrowth. GFP expression was monitored using a BD Fortessa flow cytometer. Periodically, overnight cultures were diluted to ∼2.5 × 10 6 cells/ml in HPLC grade water and stained with 150 nM of the nucleic acid dye SYTO 17 (Life Technologies). The GFP+ portion of the population was calculated as the percentage of SYTO 17 positive cells with at least the ancestral level of GFP fluorescence by flow cytometry. When fewer than 25% of cells in the population were GFP+, instead of a normal transfer, the population was diluted to ∼2.5 × 10 6 cells/ml in HPLC grade water and between ∼4 × 10 4 and ∼5 × 10 5 GFP+ cells were sorted into 10 ml of fresh LB-IPTG-Crb using a BD FACSAria IIIu. The SYTO 17 dye was found to decrease cell viability, so we did not add this counterstain in the sorting steps, at the cost of less efficient enrichment of GFP+ over GFPcells.
Isolation of evolved cells and plasmids
The evolved population was plated on LB-IPTG-Crb and six visibly GFP+ colonies were selected at random for further study. Each of these clonal isolates was grown overnight in LB-IPTG-Crb before isolating its plasmid and creating a frozen stock. To select for plasmid loss, we also diluted these cultures 1:1000 into media lacking Crb (LB-IPTG). After overnight growth, dilutions of the resulting cultures were then plated on LB-IPTG agar. GFP-colonies were patched onto LB-Crb agar to ensure the lack of fluorescence was caused by loss of plasmid rather than a GFP mutation. One colony which had been cured of its plasmid was selected for each of the original evolved clones and re-transformed with the wild-type plasmid. We were unable to cure one evolved strain (AER7) of the plasmid in this way. The wild-type BW25113 strain was separately transformed with the plasmids isolated from each of the six evolved clones. GFP decay experiments were carried out on the resulting eleven strains to examine them for evidence of increased evolutionary stability.
GFP decay curves
For each of the strains tested, individual colonies were used to inoculate nine replicate E. coli populations. In order to more accurately estimate the number of cell doublings elapsed since the single-cell bottleneck, care was taken to include all cells in each colony in the first liquid culture by excising and transferring the piece of agar underneath and around each colony. Each population was then subjected to daily transfers under the same conditions as the PResERV experiment, while monitoring GFP fluorescence using SYTO17 staining and a BD Fortessa flow cytometer as describe above. For creating graphs of the percentage of cells remaining GFP+ over time, flow cytometry data were analyzed in R using the flowCore Bioconductor package (v1.42.3) (23) . Among the events exhibiting a SYTO17 signal, cells were classified as GFP+ if they were above a signal intensity threshold that was set based on the distribution of fluorescence values observed for the wild-type strainplasmid combination in that experiment. For graphing and comparing the initial GFP fluorescence in each strain, median intensity values for the GFP+ subpopulation were log2 transformed before performing statistical analyses.
Genome sequencing
DNA was extracted from stationary phase E. coli cultures using the PureLink Genomic DNA Mini kit from Life Technologies. Purified DNA was fragmented using the Covaris AFA system, and samples were prepared using the NEBNext DNA Library Prep Reagent Set for Illumina kit from New England Biolabs. An Illumina HiSeq 2500 was used to generate 2 × 125 paired-end reads from each sample at The University of Texas at Austin Genome Sequencing Analysis Facility (GSAF). FASTQ files have been deposited in the NCBI sequence read archive (SRP090775). Mutations in each of the evolved strains were predicted by using breseq (version 0.32.0a) (24) to compare the Illumina reads to the E. coli BW25113 reference genome (GenBank:CP009273.1). Several genetic differences between this reference sequence and all four sequenced samples were assumed to have existed in the ancestral E. coli strain used to initiate the PResERV experiment and are not reported.
Strain reconstruction
Donor strains from the i-Deconvoluter library (25) were used to revert the three candidate evolved alleles we tested in two evolved clones (AER8 and AER12) back to wild type sequences using P1 transduction as previously described (26) , except that only 2 l of lysate was used in each transduction. Lysate from SMR20954, SMR20794, and SMR20838 was combined with the appropriate evolved strain with a mutation in polA, polB, or rne, respectively, and plated on LB agar plates containing Kan. Resultant colonies were screened for correct replacement via Sanger sequencing before FLP recombinase was used to remove the linked Kan R cassette used for selection of transductants as previously described (27) . The strain with rne reverted to the wild-type allele was subjected to a second round of P1 transduction to also revert the polB mutation, and the Kan R cassette was again removed via FLP recombination.
Mutation rate measurements
Luria-Delbrück fluctuation tests were carried out to measure mutation rates (28) . For plasmid mutation rates, strains cured of plasmid pSKO4 were transformed with plasmid pTEM-1.D254tag after making any genetic modifications to revert evolved alleles. Cultures were grown in LB-Cam to select for retention of this plasmid and plated on LBCam agar additionally supplemented with 500 g/ml Crb to select for mutants. Thus, this assay measures the aggregate rate of all mutations that revert this stop codon to a permitted sense codon. Cells with the original, unmutated pTEM-1.D254tag plasmid were somewhat resistant to Crb, presumably due to some translational readthrough of the stop codon inserted into the ␤-lactamase gene on this highcopy plasmid. This background resistance is why an unusually high concentration of Crb (five times the level normally used to select for plasmid retention in this strain) was necessary to select for Crb R mutants. For chromosomal mutation rates, LB agar containing 100 g/ml rifampicin (Rif) or 60 g/ml D-cycloserine (DCS) was used for the selective condition. Rif resistance requires specific point mutations in the rpoB gene (29) . In minimal media, DCS resistance requires a loss-of function mutation specifically in the cycA gene (30) , but mutations in additional targets may also be possible in the rich LB media used here.
Mutation rates were determined by taking an overnight culture of a strain and transferring ∼1000 cells from a dilution in sterile saline to each separate fluctuation test culture. After growth of the replicate cultures to saturation, the entire volume of each one was either plated on a selective LB agar plate or a dilution was plated on a non-selective LB agar plate. For Crb R plasmid and Rif R chromosomal mutation rates comparing wild-type, evolved, and reconstructed strains, we used 0.2 ml cultures in 18 × 150 mm test tubes containing non-selective media and incubated these cultures with orbital shaking. A total of six non-selective and 48 or 12 selective plates were used for plasmid and chromosomal mutations, respectively. For DCS chromosomal mutation rates, 1.0 ml LB cultures and 12 selective media plates were used. Additionally, only a portion (25 l) of these cultures were plated on the selection LB agar. For comparing Crb R plasmid mutation rates of wild-type and evolved clones (AER8 and AER12), we conducted three separate sets of fluctuation tests using different growth formats. In the first, we grew 1 ml cultures in test tubes with orbital shaking and used 4 nonselective and 12 selective plates for each strain. In the second, we grew 200 l cultures in test tubes with orbital shaking and used 12 nonselective and 48 selective plates for each strain. In the third, we grew 200 l cultures in 96-well deep well microplates with no shaking and used 12 nonselective and 51 selective plates for each strain. In all cases, the liquid cultures in nonselective media were grown for 24 h, and mutant colonies on the selective plates were counted after 48 h of incubation. Colony counts on selective and non-selective plates were used to estimate mutation rates using the rSalvador R package (v1.7) (31). We used its likelihood ratio methods for calculating confidence intervals and the statistical significance of differences between mutation rate estimates for two strains.
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Plasmid copy number determination
Cells containing the pTEM-1.D254tag plasmid were revived in 5 ml LB-Cam with overnight growth from frozen stocks. These cultures were diluted 1000-fold into 10 ml of fresh LB-Cam and 1 ml of each culture was harvested when its growth reached exponential phase (OD 600 ∼0.5). Three cell pellets from different biological replicates were collected for each strain. Mixed plasmid and chromosomal DNA was isolated using the PureLink Genomic DNA Mini Kit (Invitrogen). Total DNA concentrations in these samples were determined using a Qubit Fluorometer (ThermoFisher).
Primer pairs for qPCR were designed to amplify products from either the antibiotic resistance gene (cat) in the pTEM-1.D254tag plasmid or the ftsZ gene in the E. coli chromosome. The cat primers were 5 -GTGAGCTGGTG ATATGGGATAG and 5 -CCGGAAATCGTCGTGGT ATT. The ftsZ primers were 5 -GCAAGGTATCGCTGA ACTGA and 5 -CGTAGCCCATCTCAGACATTAC. For each DNA sample, separate amplification reactions with each of the two primer pairs were conducted using Power SYBR Green PCR Master Mix reagents and a ViiA7 RealTime PCR System (ThermoFisher). These reactions were performed in 96-well PCR plates with a final volume of 15 l per well and 500 nM of each primer.
Standard curves for plasmid and chromosomal DNA were used to calculate the absolute concentrations of each type of DNA from Ct values (32) . The plasmid standard curve was constructed by amplifying pTEM-1.D254tag plasmid DNA isolated using the PureLink Quick Plasmid Miniprep Kit (Invitrogen), The chromosomal DNA standard curve was made by amplifying E. coli DNA isolated using the PureLink Genomic DNA Mini Kit (Invitrogen) from cells without a plasmid. Each curve consisted of a series of 10-fold dilutions of template DNA. Plasmid copy number was calculated by averaging values from technical replicates for each biological replicate and then using the standard curves to estimate its plasmid:chromosome ratio. Graphing and statistical analyses were performed using log2 transformed values of copy number estimates for each biological replicate. The mean copy number estimated for the pTEM-1.D254tag plasmid in the wild-type BW25113 strain was 410.
Scaling of apparent mutation rates with plasmid copy number
We used numerical simulations to examine how the apparent per-cell mutation rates estimated from our fluctuation tests with the pTEM-1.D254tag plasmid would be expected to scale if there were a change in the copy number of this plasmid in an evolved E. coli strain. Python scripts for performing the simulations are available online (https://github. com/barricklab/plasmrs). In these simulations, a population begins with a single wild-type cell that contains a set number of copies (N p ) of the mutational reporter plasmid. The population growth process is modeled by iteratively picking a random cell from the population to divide and replacing this cell with its two daughter cells. When a cell divides, its complement of plasmids is replicated by iteratively picking a random plasmid from the current population of plasmids in the cell to copy until there are a total of 2N p plasmids. Each time a wild-type plasmid replicates there is a chance (μ p ) that the new copy is a mutant plasmid that has restored the ␤-lactamase reading frame. The resulting collection of 2N p plasmids, including any mutant plasmids that may have replicated or have newly arisen during division of this cell, are randomly allocated such that each daughter cell inherits exactly half of the plasmids. After cells divide enough times to reach a final population size (N), the number of mutant cells that would yield colonies on Crb agar (N m ) is counted as the number of cells that contain at least a minimum number of mutant plasmids needed to yield a resistant colony (N r ). After one hundred replicate cultures were simulated for each condition, we estimated the apparent mutation rate per cell (μ) from the observed distribution of mutant colony counts per culture (N m ) and the total number of cells per culture (N) using the rSalvador R package, in the same way that we analyzed experimental data.
We specifically used these simulations to examine how the reduction in plasmid copy number observed in the AER12 PResERV strain with the polA mutation would be expected to impact its apparent mutation rate if the evolved strain maintained the same per-plasmid mutation rate as the wildtype BW25113 strain. Because it was not computationally feasible to simulate E. coli populations as large as those used in our actual fluctuation tests (with ∼5.0 × 10 7 to ∼2.5 × and m = 20.5. For each set of simulations, we first determined an underlying per-plasmid mutation rate (μ p ) that matched the experimentally measured apparent per-cell mutation rate (μ) to within 5% by performing a series of simulations using N = 3. . Finally, we performed new simulations at these same fifteen combinations of μ p , N, and N r with N p = 185 and all other parameters left unchanged, in order to determine what the apparent mutation rate would have been in the fluctuation tests if plasmid copy number had decreased without any change in the underlying plasmid mutation rate. For each set of five pairs of simulations differing only in N p , we calculated R, the ratio of the apparent mutation rate for N p = 185 to that for N p = 410. We found no significant dependence of the logarithm of R on the logarithm of N across the range of values tested in any of these sets (P > 0.05, Bonferroni-corrected test for a nonzero slope in a linear regression model), justifying our inversely proportional rescaling of N and μ for the purpose of making the simulations feasible. We further found that the values of the logarithm of R within each of the three sets of simulations at a fixed N r that varied μ and N were indistinguishable from one another (P > 0.05, Kruskal-Wallis tests). Therefore, we report only the overall mean of the log-transformed R values for each set of 20 simulations at the same N r and a bootstrap confidence interval on this statistic constructed from 100 000 resampled sets.
RESULTS
PResERV experiment with a ColE1 plasmid in E. coli
We applied PResERV to E. coli K-12 strain BW25113 (20) transformed with pSKO4, a high-copy-number pBR322 plasmid (ColE1-type origin) that encodes GFP under control of an inducible promoter (21) . GFP expression is a generic proxy for a costly engineered function in this scenario. A UV-mutagenized library of cells containing pSKO4 was propagated through daily 1:1000 serial transfers in the presence of antibiotic selection for plasmid retention. Under these conditions, cells with mutations in pSKO4 that inactivate or reduce costly GFP expression evolve, outcompete fully fluorescent cells, and constitute a majority of the population within a few days (21) . GFP fluorescence of cells in the PResERV population was periodically monitored by flow cytometry using the red fluorescent nucleic acid dye SYTO17 as a counterstain to improve detection of cells with a low GFP signal. When 75% or more of the cells exhibited reduced GFP signal, cell sorting was used to isolate ∼10 5 cells that remained at least as fluorescent as the ancestor to continue the population. We subjected this population to a total of 8 sorts spread throughout 30 regrowth cycles (Figure 2A) .
Six E. coli clones designated AER7-AER712 were isolated from the final population for further characterization. Five of these maintained more fully-fluorescent cells for more cell doublings than the unevolved wild-type strain with the wild-type pSKO4 plasmid ( Figure 2B ). Mutations in the plasmid, the E. coli chromosome, or both could have been responsible for these improvements. To determine which was the case, we cured these cells of their plasmids and retransformed them with the wild-type pSKO4 plasmid, and we also isolated plasmids from each of the evolved strains and transformed them into unevolved wildtype E. coli cells. For four of these strains (AER7, AER8, AER9 and AER12), the improvement in the evolutionary lifetime of GFP expression appeared to be mainly due to mutations in the E. coli chromosome rather than mutations in the pSKO4 plasmid ( Figure 2C ).
Mutations in PResERV strains
We sequenced the genomes of these four evolved clones to understand the genetic basis of their improved reliability ( Figure 3 ). In agreement with the re-transformation tests, no mutations were found in the pSKO4 plasmid in any of these strains. Each contained from four to ten mutations in the E. coli chromosome. These mutations could theoretically lead to the improved maintenance of GFP expression that we observed by reducing the burden of GFP expression from the plasmid or by reducing the rate at which mu- sorting regimen used to perform PResERV on an E. coli population in which GFP was expressed from plasmid pSKO4, a high-copy plasmid with a pBR322 origin of replication. The red diamond denotes the wild-type strain that was UV-mutagenized prior to beginning PResERV. Dashed gray and solid green bifurcating lines show when the population was sorted to retain fully fluorescent cells (GFP+). The blue circle indicates when fluorescent clones were isolated and sequenced. (B) Populations initiated from six different clones isolated at the end of the PResERV evolution experiment (solid lines in shades of blue and purple) were allowed to evolve alongside six replicates of the non-mutagenized, wild-type E. coli strainplasmid combination (red dashed lines). Cells were considered GFP+ if they maintained a fluorescent intensity as measured by flow cytometry that was above a threshold level that was kept constant across all tested strains. (C) For each evolved PResERV strain, its plasmid was isolated and transformed into the wild-type strain containing no plasmid (dashed lines), and the evolved strain was cured of its plasmid and re-transformed with the wild-type pSKO4 plasmid (solid lines). Populations initiated from these strains were propagated and monitored as in B. The stability of AER7 retransformed with the wild-type plasmid was not determined because of difficulty curing the evolved plasmid from this strain. In panels B and C, the same colors are used for each PResERV strain. In both experiments, the percentage of GFP+ cells was measured by flow cytometry after the first 35 cell doublings, corresponding to growth of the initial culture from a single cell on an agar plate, and then every 10 cell doublings afterward, corresponding to regrowth after daily subculturing steps that used a 1:1000 dilution into fresh media.
tations that inactivate GFP arise. Therefore, we examined the lists of mutations in these strains to see if they hit any genes known to be involved in these processes. Two of these strains (AER7 and AER8) had eight identical mutations while a third strain (AER9) had these same eight mutations plus two additional ones. All three shared mutations in polB and rne that were candidates for affecting evolutionary stability. PolB (Pol II) is a stress-induced DNA polymerase that participates in translesion synthesis and nucleotide excision repair. The polB gene sustained two mutations in these PResERV strains: a missense mutation (H597Y) and a nonsense mutation earlier in the reading frame (S558*). The full-length PolB protein is 783 amino acids in length, and the stop codon mutation truncates the protein within its catalytic core (33) . Presumably, this results in a complete loss of Pol II activity in the mutant. Deletion of polB in the clean-genome E. coli strain MDS42 has been shown to lead to ∼30% lower chromosomal mutation rates (12) . The rne gene (encoding RNase E) contains a missense mutation (L222S) in all three strains. RNase E regulates the copy number of ColE1 origin plasmids in E. coli by processing the RNA I antisense regulator of the RNA II replication primer (34, 35) . Cells defective in rne accumulate higher levels of RNA I and have reduced plasmid copy number (36) . The site of the PResERV mutation is within the RNaseHlike domain of RNase E, which is involved in determining its RNA substrate selectivity, but its effect on the activity of this enzyme is not clear from the structural context (37) .
The fourth sequenced strain (AER12) had a completely different set of four mutations, which included a missense mutation in polA (H734Y). PolA (Pol I) is the DNA polymerase that is utilized primarily for filling gaps during lagging strand synthesis and in DNA repair in E. coli. It is also responsible for extending the primer derived from RNA II during replication of ColE1-type plasmids (35) . Antimutator variants of PolA that lower the frequencies of mutations observed on a reporter plasmid have been identified previously by screening a sequence library created by mutagenizing an exo − PolA variant lacking 3 →5 exonuclease proofreading activity (38) . The exact same substitution that we observed (H734Y) was found among the 592 active polymerase variants characterized in that study, but the effects of this specific mutation on polymerase function were not reported. H734 is located near the phosphate groups of the dNTP substrate when it is bound to the Klenow fragment of Pol I (39), indicating that the PResERV mutation may have an effect on nucleotide binding.
Evolutionary stability and mutation rates in PResERV and reconstructed strains
To test whether these three mutations contributed to the increased evolutionary reliability of the PResERV strains, we tested E. coli strains in which we reverted the evolved alleles back to their wild-type sequences. We then propagated replicate populations of wild-type E. coli, two focal evolved clones (AER12, the strain with the polA mutation; and AER8, one of the three strains containing mutations in polB and rne), and four revertant strains (one for each mutation and also a strain in which polB and rne were both reverted) under the same conditions as the initial evolution experiment and monitored the loss of fluorescence over the course of ∼100 cell doublings (Figure 4) . Mutations in polA and rne appeared to be responsible for most or all of the improved stability, as reverting these mutations reduced the evolutionary lifetime of GFP expression back to a level similar to that observed in the wild-type strain. In contrast, reverting the polB mutation alone or reverting it in a strain that also had the rne mutation reverted did not appreciably affect how rapidly GFP expression decayed.
We next used Luria-Delbrück fluctuation tests (28) to determine if the increase in evolutionary reliability in these strains was associated with a decrease in mutation rates. We first measured the rates of point mutations that reverted a stop codon in a ß-lactamase gene cloned into another pBR322-based plasmid designated pTEM-1.D254tag (22) . Mutation rates to carbenicillin resistance, which requires mutating this stop codon to a sense codon, were significantly lower in each of the two focal evolved clones compared to wild type in multiple experiments ( Figure 5 ). In agreement with the changes in the evolutionary stability of GFP expression, reversion of either the polA or rne mutation raised the mutation rate to that of the wild-type E. coli strain, and reversion of the polB mutation had no detectable effect on the mutation rate ( Figure 6A ). We also measured mutation rates in two further sets of fluctuation tests, selecting either for resistance to rifampicin or to Dcycloserine, which require mutations in genes located on the E. coli chromosome in both cases. We did not find any significant improvements versus the wild-type strain in these assays ( Figure 6B ). Thus, it appears that PResERV discovered E. coli mutants that primarily display lower plasmid mutation rates, with much less of an effect, if any, on mutation rates in the chromosome.
Plasmid copy number and GFP fluorescence in evolved strains
Given previous reports of lower plasmid copy number when rne function is reduced in a temperature-sensitive mutant (36) and that polA antimutator mutations can lead to slower rates of DNA replication (38), we were concerned that a decrease in plasmid copy number in the PResERV evolved cells could give a false signal of improvement in our two assays. First, having fewer plasmids per cell would lower the GFP expression burden and thereby increase the number of cell doublings it would take for new cells that arise with mutated plasmids to outcompete cells with wild-type plasmids (i.e., it would increase the apparent evolutionary stability). Second, with fewer plasmids per cell there would be a smaller chance that any given cell would experience a mutation in one of its plasmids that would lead to resistance in the ß-lactamase stop codon reversion assay (i.e., it would reduce the apparent mutation rate per cell). Therefore, we measured the copy number of the pTEM-1.D254tag plasmid in the two focal evolved clones and four reconstructed strains using qPCR ( Figure 7A ), and we also examined the per-cell GFP fluorescence from the pSKO4 plasmid in each strain ( Figure 7B ). We found that the polA mutation did reduce plasmid copy number somewhat. The evolved polA strain (AER12) had marginally fewer plasmids per chromosomal DNA copy when compared to wild-type (P = 0.0666, one-tailed t-test on log-transformed values) and also exhibited reduced GFP fluorescent intensity (P = 0.0142, one-tailed t-test on logtransformed GFP+ subpopulation medians). Interestingly, other mutations in the evolved strain appeared to counteract the effects of the polA mutation, as reverting just this mutation to the wild-type allele increased both copy number (P = 0.0011) and GFP intensity (P = 0.0003). GFP signal (P = 0.0108) and perhaps copy number (P = 0.0893) were even greater in this polA revertant that still contained all other evolved mutations than they were in the original wild-type E. coli strain. Overall, these results suggest that there is a trade-off in the evolved polA mutant between plasmid copy number and mutation rate.
In contrast, plasmid copy number did not vary when comparing wild-type, the evolved strain with rne and polB mutations (AER8), and all three reconstructed strains reverting those mutations singly and in combination (oneway ANOVA, F 4,10 = 0.439, P = 0.778). Here, too, there was evidence that other mutations in this evolved strain may have increased GFP intensity, as all four of the AER8-derived strains considered together had indistinguishable fluorescence intensities (one-way ANOVA, F 3,32 = 1.153, P = 0.343) that were, as a group, significantly greater than that of the wild-type (P = 0.0112, one-tailed t-test). Therefore, the evolved rne allele reduced plasmid mutation rates with no detectable trade-off in terms of plasmid copy number or gene expression.
To determine whether reduced plasmid copy number in the AER12 strain containing the polA mutation could explain the reduction of 20-to 60-fold in the plasmid mutation rate measured for this strain (Figures 5 and 6A ), we performed numerical simulations of the growth of cell populations that included multicopy plasmid replication, mutation, and segregation (see Materials and Methods). Our qPCR results indicate that the copy number of the pTEM-1.D254tag plasmid was reduced from ∼410 plasmids per E. coli chromosome in the wild-type strain to ∼185 in AER12. We simulated the results of fluctuation tests with 410 mutational reporter plasmids per cell and with other parameters chosen to match the observed numbers of mutant cells per culture for each of our four different sets of mutation rate measurements comparing wild type and AER12. Then, we performed a new set of simulations with the same parameters but reducing the plasmid copy number to 185 to determine by how much this would reduce the apparent plasmid mutation rate inferred from the Luria-Delbrück analysis. We found that a reduction in copy number of 2.2-fold is expected to yield a roughly proportional change in the apparent mutation rate. The result varies slightly if one changes how many mutant plasmids in a cell are necessary for it to give rise to a mutant colony, a parameter that is unknown in our system but is likely one or a just a few plasmids with restored ß-lactamase copies per cell. For simulations requiring one mutant plasmid per cell we predicted a reduction of 2.00-fold (1.93-2.07, 95% bootstrap confidence interval, see Methods) in the apparent mutation rate in AER12. For three copies the reduction was 2.12-fold (2.05-2.20), and for ten copies it was 2.37-fold (2.24-2.51). We conclude that the reduction in plasmid copy number in AER12 is not sufficient to explain a majority of the reduction in plasmid mutation rates in that strain.
DISCUSSION
Mutation rates in microbial populations reflect a dynamic balance between different evolutionary forces and inherent constraints on organisms that have DNA as their genetic material. On one side, there is a universal selection pressure to minimize mutation rates because most new mutations are far more likely to be deleterious to fitness than beneficial (40) (41) (42) . This risk associated with deleterious mutations contributes to genetic load. That is, there is a fitness cost associated with a given mutation rate in terms of the fraction of an organism's offspring that will experience lethal or deleterious mutations that lead to their immediate or eventual extinction. If selection to reduce genetic load were the only evolutionary force in play, then a mutation rate of zero would be optimal. On the other side of the balance, there are at least three different forces or barriers that will prevent the evolution of lower mutation rates past a certain point in microbial populations: second-order selection for evolvability and limits imposed by the strength of genetic drift and by physiological constraints. New mutations may be a bad bet on average, but they do--more rarely--generate beneficial genetic diversity that is necessary to fuel adaptive evolution. Thus, under certain circumstances, mutation rates can evolve to rebalance the potential for beneficial mutations against the risk of deleterious mutations (43) (44) (45) . For example, laboratory populations of bacteria and yeast often evolve hypermutation (elevated mutation rates) (46, 47) because they experience strong and constant selection pressures that can indirectly favor more evolvable lineages that have a greater chance of sampling rare adaptive mutations (48, 49) . The simplicity of laboratory environments compared to nature also means that there is less of a deleterious genetic load associated with evolving a high mutation rate in these experiments. Many mutations that would be lethal under other circumstances (e.g., that disrupt pathways for utilizing alternative nutrients or stress responses for contingencies that are never experienced) will be effectively neutral in the comparatively monotonous environments of these experiments (50, 51) . For similar reasons, hypermutators also commonly evolve in populations of bacteria during the long-term progression of chronic infections treated with antibiotics, such as for Pseudomonas aeruginosa in the lungs of cystic fibrosis patients (52) (53) (54) .
The molecular basis for the evolution of bacterial hypermutators in the laboratory and in the clinic is usually straightforward. Mutations disrupt major housecleaning enzymes (e.g. mutT) or DNA repair pathways (e.g. mutS), often leading to an increase in point mutations with a characteristic base substitution spectrum (46, 47, 53, 55) . Interestingly, some experiments have shown that experimental populations that are started with or that spontaneously evolved hypermutation can subsequently evolve reduced mutation rates (56) (57) (58) (59) . This can occur when hypermutator populations are propagated through severe population bottlenecks, which exacerbates the genetic load associated with a given mutation rate while reducing the chances of sampling adaptive mutations (56, 57) . Reduced mutation rates have also been observed to evolve after a population becomes well-adapted to its environment and opportunities for beneficial mutations diminish relative to the risk of deleterious mutations (58, 59) . When the molecular mechanisms have been examined in detail, the evolution of lower mutation rates in these experiments has been found to occur through new mutations that partially compensate in some way for the defect in the hypermutator (58), or by exact reversion of the mutation responsible for hypermutation (59) . The evolution of cells with a mutation rate that is lower than that of the ancestral, wild-type microbe has not been observed in these experiments.
Despite the potential for evolving hypermutation, wildtype microbes isolated from nature almost always have very low mutation rates (60) . The uniformity of these baseline rates across many species isolated from diverse environments suggests that a different balance of evolutionary forces than the one between genetic load and the potential for beneficial mutations is normally responsible for setting mutation rates in nature. If one assumes that wildtype microbes are already well-adapted to the combinations of complex and varying environments that they regularly experience, then there may be little or no benefit possible from further mutations. Under these circumstances there will only be selection to minimize genetic load. What then would set the lower bound on mutation rates? Because baseline mutation rates have been found to scale inversely with effective population sizes across many organisms, it has been argued that genetic drift is the dominant force opposing selection for even lower mutation rates (61, 62) . This 'drift barrier' arises because once the mutation rate is sufficiently low, the very small and indirect marginal benefit for a new mutation that leads to an even lower mutation rate becomes so insignificant that it looks effectively neutral to natural selection. That is, natural selection does not have the power to favor this hypothetical new antimutator allele such that it will reliably increase in frequency on its merits and eventually win out in the population.
Another potential barrier to the evolution of lower mutation rates considers the molecular biology of DNA replication and repair. Biochemical and genetic studies of bacteria over the past several decades have mapped a complex suite of pathways dedicated to maintaining genome integrity via overlapping and redundant mechanisms (63) . There is a direct fitness cost to a cell for expressing any protein (6, 7) , and there may be other fitness costs associated with increased surveillance for DNA damage and enforcing replication fidelity, such as off-target promiscuous activities of housecleaning enzymes (64) or slower rates of DNA polymerization in exchange for increased proofreading (38) . Thus, there must be a point at which the direct fitness cost of evolving additional molecular machinery outweighs the diminishing indirect benefit of further reducing the genetic load from deleterious mutations. However, there is no evidence that this physiological lower limit on mutation rates has been reached in natural microbes. Antimutators with reduced point mutation rates have been identified by genomewide genetic screens (65), targeted mutagenesis (38, 66, 67) , gene disruption (12) , and gene overexpression (68) . Some of these antimutators do exhibit growth trade-offs (38, 65) , but some do not appear to have any deleterious side-effects (12, 38, 69) , at least in the laboratory environments in which they have been tested. Yet, due to the intrinsic instability of DNA, which can be chemically damaged or miscopied in an dizzying variety of ways (63) , there must exist some finite, non-zero mutation rate at which this physiological genetic stability limit is reached.
In this study, we show that imposing artificially strong selection for bacterial cells that are less likely to give rise to mutations in a reporter gene on a plasmid can overcome the selection pressures and other barriers that normally oppose the evolution of reduced mutation rates. Specifically, we developed and used a Periodic Reselection for Evolutionarily Reliable Variants (PResERV) directed evolution approach to isolate E. coli host strains with mutations in their chromosomes that lead to lower-than-natural mutation rates in genes encoded on high-copy vectors such as pUC and pBR322 from the ColE1 plasmid incompatibility group. We sequenced the genomes of four improved PResERV strains to better understand the molecular basis for the improvements and found mutations in three key genes (polA, polB, and rne). Then, we characterized the effects these mutations had on the evolutionary stability of burdensome GFP expression, on plasmid and chromosomal mutation rates, and on plasmid copy number and gene expression in the evolved E. coli strains.
One PResERV strain had a mutation in DNA polymerase I (polA) that reduced plasmid mutation rates by ∼30-fold. Pol I is required for the normal replication of ColE1 plasmids in E. coli (35) . Both hypermutator and antimutator variants of this polymerase have been shown to affect the fidelity of DNA replication (38, 70, 71) , so it was not surprising that we identified a mutation in polA that increased genetic stability. In fact, the exact amino acid substitution in Pol I recovered by PResERV (H734Y) was found previously in a library of mutagenized exo − Pol I sequences (38) . Though the specific effects of the H734Y mutation were not reported individually in that study, many of the mutagenized Pol I variants were antimutators. Their improved fidelity was attributed to increased selectivity for the incoming nucleotide. The polA mutation that we recovered may act similarly, as it is located close to the binding site for the incoming dNTP (39) . Thus, our identification of a polA mutation was in essence a positive control that PResERV could successfully isolate generalizable antimutator alleles, as opposed to mutations that increased the evolutionary stability of just the pSKO4 plasmid in an idiosyncratic way (e.g., by reducing the cost of expressing GFP).
Pol I has an outsized role in replicating ColE1 plasmids compared to its relatively minor roles in lagging-strand synthesis and DNA repair during normal replication of the E. coli chromosome. Pol I initiates plasmid DNA replication by extending a primer that is processed from the RNA II transcript derived from the plasmid origin. In the canonical model of plasmid replication, the DNA polymerase holoenzyme involved in chromosomal replication, which utilizes Pol III, takes over plasmid replication after Pol I extends the primer by ∼400-500 nucleotides (35) . However, there is evidence that Pol I also replicates other portions of ColE1 plasmids, at least some of the time. When a hypermutator Pol I variant was expressed in E. coli cells, plasmid mutation rates were most elevated close to the origin of replication, within the expected 400-500 bp window, but mutation rates were still much higher than normal within a region extending at least 3700 bp downstream of the origin (70) .
The reading frame for GFP on the pSKO4 plasmid used in PResERV is located from ∼350 to ∼750 base pairs downstream of the origin (as measured from the typical end of the RNA II transcript after nucleolytic processing). This places at least part of the GFP gene within the region known to be heavily replicated by Pol I, meaning that we would expect to observe a particularly strong effect of a polA antimutator allele during PResERV and in subsequent decay experiments in which we monitored the evolutionary stability of GFP expression over multiple growth cycles. In contrast, the stop codon in ␤-lactamase on the pTEM-1.D254tag reporter plasmid that we used in fluctuation assays to measure plasmid mutation rates is located ∼3000 bp downstream of the end of RNA II. We still see greatly reduced mutation rates in this reporter, corroborating the prior observations that changes in Pol I fidelity impact mutation rates across most or all of the sequence of a ColE1-type plasmid. Also in broad agreement with previous studies, which report that Pol I variants have less of an effect on chromosomal mutation rates compared to plasmid mutation rates (70, 71) , we found no significant difference in chromosomal mutation rates from the PResERV polA antimutator allele.
Our overall goal is to construct an E. coli cell that is more robust against unplanned evolution to serve as an improved chassis for synthetic biology and biotechnology ap-plications. For this purpose, the most useful antimutator alleles are those that increase the genetic stability of an engineered DNA sequence in a host cell without any trade-offs in other desirable traits. In one important respect, the PResERV polA mutation and many other polA antimutator alleles pass this test: they do not negatively affect E. coli growth rates (71) . However, the PResERV allele does exhibit a significant trade-off that diminishes its potential utility. Copy number of the pTEM-1.D254tag plasmid used to measure mutation rates was reduced by ∼55% in strains with the evolved polA allele. This decrease is consistent with a reduction in GFP expression from the pSKO4 plasmid when the evolved polA mutation was present in a strain. We used numerical simulations to show that this slight reduction in plasmid copy number can explain only ∼2-fold of the ∼30-fold reduction in plasmid mutation rates we observed in the evolved strain. Still, as ColE1 plasmids are widely used for cloning and protein overexpression, where maximal yield of plasmid DNA or a protein encoded on the plasmid is the primary goal, this trade-off of much lower plasmid mutation rates at the expense of reduced plasmid copy number would not be favorable, on balance, for many biotechnology applications.
Other mutations in Pol I have previously been found to reduce the copy number of high-copy ColE1 plasmid variants (72) . It has been hypothesized that they might have this effect by decreasing the frequency of initiation of DNA synthesis from the RNA II primer, by reducing the speed of DNA polymerization, or by some combination of the two. In biochemical assays, some of the exo − Pol I antimutator variants have been reported to have significantly reduced rates of polymerization (38) . They would presumably also reduce ColE1 plasmid copy number, though this has not been tested. However, other antimutator Pol I variants apparently retain wild-type enzyme activity (38) . It is possible that these polA mutations do not exhibit any trade-off in plasmid copy number and would ultimately be more useful than the PResERV allele for constructing an improved E. coli host strain.
The three other sequenced PResERV strains all shared mutations in two genes that also have known roles in DNA replication fidelity and regulation of plasmid replication: DNA polymerase II (polB) and RNase E (rne). Pol II is a repair polymerase induced by the SOS and RpoS responses (73, 74) . We observed a mutation that creates a premature stop codon in polB at amino acid 558. This truncation likely results in a completely inactivated enzyme. There is also a second point mutation later in the polB reading frame in these strains that would result in an amino acid substitution (H597Y) if the nonsense mutation were not present. The occurrence of two nearby mutations in the same gene is probably due to our use of UV mutagenesis to create initial genetic diversity in the E. coli population at the beginning of PResERV, as clustered mutations can result from longpatch repair of UV damage (75) . Despite the fact that UV damage induces the SOS response, we do not expect that these mutations in polB were favored due to any direct connection to the mutagenesis procedure. Loss of Pol II function does not appreciably affect cell survival or the overall level of mutagenesis after UV exposure unless other DNA repair pathways are also inactivated (76) .
The connection between Pol II activity and E. coli mutation rates has multiple facets. On one hand, Pol II can act as a high-fidelity alternative to the other stress-induced polymerases (Pol IV and Pol V). As a consequence, inactivation of polB increases the incidence of point mutations arising from the repair of DNA double-strand breaks that occur during long-term carbon starvation (77, 78) . However, Pol II also participates in mutagenic translesion synthesis pathways that repair other types of DNA damage in an errorprone manner. Accordingly, deletion of Pol II has been reported to have the opposite effect and reduce mutagenesis associated with certain DNA base adducts (79, 80) and in cells exposed to antibiotics that can cause DNA damage (81) . The mutagenic effect of Pol II activity appears to dominate in E. coli cells growing under standard laboratory culture conditions, as incorporating a deletion of polB into an engineered reduced-mutation variant of the MDS42 cleangenome E. coli strain lowered chromosomal mutation rates by ∼30% (12) .
Despite these connections between Pol II and mutagenesis, the mutant polB gene sequence from PResERV was not associated with a significant change in mutation rates in our assays when we reverted it to the wild-type sequence in the evolved strain or in a strain in which the rne mutation found in the same evolved strains was also reverted. It is possible that this is due to epistatic interactions with the other five mutations common to this set of evolved strains, although none of these mutations affect genes with an obvious connection to DNA replication or repair processes. One or both of the Pol II mutations could have been present immediately after UV mutagenesis at the beginning of PResERV and reduced mutation rates in this context. Then, subsequent mutations that arose in this winning lineage during the regrowth cycles of PResERV might have overshadowed the effect of the Pol II mutations by making them redundant. However, we believe this is unlikely to be the only explanation, as the evolved rne allele on its own seems to explain all of the reduction in mutation rates, whether or not the evolved polB sequence is present. It is also possible that some aspect of the environment experienced by cells during PResERV but not during the mutation rate assays introduced a stress that favored polB inactivation. For example, the PResERV cultures were often interrupted by diluting them into water and processing them through a cell sorter before the next growth cycle. In any case, it is clear that knockout of Pol II is not as effective at reducing mutation rates under normal growth conditions as the mutation in RNase E that is present in the same strains.
RNase E is an endoribonuclease with global roles in RNA maturation, processing, and decay (82) . It is involved in tRNA, rRNA, and small RNA processing and has been reported to initiate the decay of ∼60% of E. coli mRNAs (83, 84) . RNase E is also specifically involved in controlling the copy number of ColE1 plasmids (34, 35) . It does so by cleaving the regulatory antisense RNA I transcript at a specific site, which converts it into an inactive form that cannot bind to and inhibit processing of RNA II into a productive primer. RNase E is an essential gene, but eliminating its expression using a temperature-sensitive mutant has been shown to reduce plasmid copy number, as is expected from the resulting increase in levels of the active form of the Nucleic Acids Research, 2018, Vol. 46, No. 17 9247 RNA I inhibitor (36) . Despite this connection to the regulation of initiation of ColE1 plasmid replication and unlike the polA allele in the other PresERV strain, the evolved rne allele did not significantly change plasmid copy number, as measured using qPCR for the pTEM-1.D254tag mutational reporter plasmid or in terms of the fluorescence output from the pSKO4 plasmid. This rne allele demonstrates an advantage of using the PResERV directed evolution approach. Although RNase E has a known role in ColE1 plasmid replication, it would not have been an obvious target for rationally engineering a more genetically stable host strain.
The PResERV rne allele was responsible for a 6-fold reduction in plasmid mutation rates with no significant effect on chromosomal mutation rates. The altered amino acid (L222S) is located within its split RNaseH-like domain near the embedded 5 sensor domain that is responsible for its preference for RNA substrates with a 5 monophosphate (37). It is unclear how this mutation might affect RNAse E activity and lead to a reduction in plasmid mutation rates. It could potentially have a direct effect on processing of RNA I and/or RNA II that alters the balance of different DNA polymerases used to replicate and/or repair ColE1-type plasmids, though it is hard to imagine how this could happen without also affecting plasmid copy number. Alternatively, the rne mutation may have an indirect effect by altering the decay or maturation of other RNAs in a cell. RNAse E has been shown to affect the biogenesis and activity of small RNAs (84), many of which are involved in stress responses (85) , to point out one such possibility among many. It will take future work examining the biochemical effects of this mutation on enzyme activity and its global effects on the E. coli transcriptome to decipher why it has an antimutator effect on plasmid replication. Of the three mutations in the PResERV strains that we studied, this mutation in RNAse E appears to hold the greatest promise for applications in biotechnology, as the antimutator effect is not associated with any unwanted trade-offs in terms of growth rate or plasmid copy number in the standard culture conditions we used.
Overall, we expect that the PResERV approach will be widely applicable and useful for isolating mutations that make engineered cells more robust against evolutionary failure by lowering mutation rates. One advantage of PResERV is that it is agnostic to the source of mutations and the type of host cell. It will select for mutants that eliminate the dominant cause of mutations inactivating the reporter gene used for cell sorting, and it can be employed iteratively to further eliminate the next-most dominant source of mutations by subsequently introducing new genetic variation into the population and continuing the cycles of cell growth and sorting. When there is genome-wide genetic variation in the cell population, PResERV can discover mutations in genes of unknown function or pathways that do not have obvious connections to mutagenesis, like the rne mutation in this study. In the future, PResERV could also be used on libraries of cells that target variation to one key enzyme (e.g. polA) or to a suite of genes known to be involved in DNA replication and repair, by using multiplex genome editing methods (86, 87) . The current study demonstrates proof-of-principle for the PResERV approach, but by examining just six isolates from one mutagenized population, it has clearly not identified all of the ways that mutations in the E. coli genome can lower mutation rates.
An advantage of using directed evolution compared to screening approaches that have been used to isolate antimutators in the past (65, 66) is that the cycles of regrowth between cell-sorting steps in PResERV implicitly favors isolating just those antimutator alleles with no trade-off in terms of a reduced growth rate. However, there are potential risks and pitfalls in any directed evolution approach. Selection will yield a reduction in the dominant type of mutation for a particular reporter gene and plasmid in a particular environment and host cell, but these improvements may not translate to other DNA constructs, growth conditions, or genetic backgrounds. In this study, we showed that there are consistent antimutator effects between two distinct ColE1-type plasmids with different reporter genes in the evolved E. coli strains. How the antimutator alleles isolated here behave in other environments needs to be further tested to ensure that they do not degrade performance in specific applications. In general, this risk can be mitigated by matching PResERV conditions as closely as possible to those relevant for applications of a strain (e.g. in an industrial bioreactor) or by exposing cells to a variety of different environments during PResERV. It also remains to be seen whether the PResERV mutations would maintain their antimutator effects if they were engineered into other E. coli strain backgrounds that are of interest in biotechnology (e.g. BL21 for protein expression).
One critical consideration for applying PResERV is knowing what types of mutations will inactivate the reporter gene used for cell sorting. Certain DNA sequences contain mutational hotspots such that a specific deletion or frameshift dominates among the mutations found to inactivate a reporter gene because it occurs at a rate that is many orders of magnitude higher than the point mutation rate (13) . Transposons are the most prominent source of mutations that disrupt other engineered DNA constructs (16, 21, 88) . The presence of any type of dominant mutation in the fluorescent reporter gene will concentrate PResERV on isolating mutants that 'solve' that particular mechanism of failure. In this study, we purposefully used a GFP reporter plasmid that had been edited to remove sequencebased mutational hotspots (21) , so that we could recover mutants that reduced point mutation rates. Because transposon mutations can be completely eliminated by using 'clean-genome' strains that have these and other selfish DNA elements deleted from their genomes (11, (14) (15) (16) , it would probably not be a very useful application of PResERV to employ it to find mutations that suppress their activity, at least in bacteria. Rather, we anticipate that PResERV is most useful for neutralizing point mutations, for which it is less obvious how to modify either the sequence of the DNA construct or a cell's genome to improve genetic stability.
One of the main challenges for implementing the PResERV approach in other contexts, as opposed to with a high-copy plasmid in a bacterial cell, is that expression of the reporter gene used to monitor for mutations must impose a large, dominant fitness burden on the host cell. This ensures, first, that cells with mutations in the reporter gene will arise and reach a high frequency within a reasonable number of growth cycles so that one can complete multiple sorting steps to enrich for antimutator variants. Second, mutations that inactivate the reporter gene that is being monitored will be competing within these populations with other categories of beneficial mutations that improve growth for unrelated reasons (e.g. adaptation to the growth media). If the burden of the reporter gene is too small, then those other mutations will be favored over mutations that change GFP fluorescence, unfocusing evolution from the objective of PResERV. A related challenge, illustrated by the polA mutation in this study, is that it may be difficult to guard against a gradual and subtle loss of fluorescence over time during the sorting procedure, which can lead to the enrichment of mutations in the plasmid that modify the expression or burden of the reporter gene with undesirable side-effects.
In summary, we showed that the PResERV directed evolution approach can isolate antimutator E. coli variants that exhibit reduced mutagenesis of ColE1-type plasmids. Since these high-copy plasmids are widely used in E. coli for cloning and recombinant protein expression, these or similar antimutator alleles may be broadly useful in biotechnology applications. Future applications of PResERV with the burdensome reporter gene encoded in the chromosome or on a plasmid with a different origin of replication, might enrich for host cell variants that have a higher fidelity for replicating other components of a bacterial genome. The PResERV approach could also potentially be applied to other cell types used for industrial bioproduction, such as yeast or Chinese hamster ovary cells, if suitable reporter genes for monitoring genetic stability can be devised for these systems. Despite decades of studying the mechanisms of DNA repair and replication, we do not know the fundamental physiological constraints that determine a lower limit on the mutation rates that could potentially be achieved by tuning or augmenting these processes. Ultimately, this overall strategy of lowering mutation rates to arrest evolution promises to improve the foundations of synthetic biology so that cells engineered for any purpose will function more predictably and reliably.
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